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PREFACE

The research of this contract (F19628-81-K-0049) was carried out in
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the Electromagnetic Effectiveness Division of the Electronics and Computer j:ﬂV_ﬂf
Systems Laboratory of the Engineering Experiment Station at the Georgia :ﬂfj;.ffﬂ

Institute of Technology, Atlanta, Georgia 30332. This program was LT
designated at Georgia Tech as Project A-3023 and Dr. Johnson J. H. Wang
served as the Project Director. This Final Report covers the work which was

performed from August 1981 to November 1983. : B
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SUMMARY

The objective of this program is to investigate new
analytical/numerical techniques for microstrip antennas and arrays of
noncanonical patch geometries. Antenna performance improvements, such as
frequency band broadening and dual-frequency operations, are the ultimate
goal in this investigation.

In the course of this research, a computer program for the radiation
of an arbitrary Hertzian dipole in a general stratified multilayer medium
was developed. Although the original intention was for application to
microstrip antennas, this algorithm was later found to be applicable to a
broad class of integrated circuits, geophysical problems, etc.

The analysis of microstrip antennas was focused on the development of
a model of equivalent magnetic current along the periphery of the
microstrip patch. This is a new technique derived from a similar approach
in dealing with microstrip <circuits of arbitrary shapes. Although
numerical convergence problems presently exist, this approach appears very
attractive for noncanonical microstrip antennas. Continued research in
this approach is highly recommended.

Resecarch in microstrip arrays was conducted for diode-switched
microstrip panels sandwiched by dielectric layers. A moment method
approach was taken with the aperture expanded in terms of exponential basis
functions and a single mode in the diode-gap region. The computer program
developed 1in this research was checked against known data for the
reflection and transmission of sandwiched screen structures.

All of the three techniques investigated are promising approaches to
treat microstrip antennas and arrays. It is recommended that substantial
efforts be devoted to extend and approve the techniques. These f{uture
offorts should lead to progress in microstrip antenna technology as well as

peophysics and integrated circuits.
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SECTION 1
INTRODUCTION

The requirement for low-profile antennas with low fabrication costs
has led to the recent interest in microstrip antennas. However, microstrip
anteanas have been found to be limited in their performance, especially
regarding their typically narrow bandwidth of one to six percent. A
theoretical investigation of noncanonical antennas appears promising 1in
developing antennas of higher performances, as suggested in several
experimental studies. In this study, techniques for analyzing wmicrostrip
antennas  and  arrays were investigated in order to develop computer
algorithms for noncanonical patch shapes,

Three major accomplishments are reported in the following scctions. A
general numerical method for analyzing the radiation of an arbitrary
Hertzian dipole in multi-layer stratified media was develaped. BRoth the
nunber of layers and their thicknesses and complex dielectric counstants can
be arbitrarily designated. The Hertzian dipole can be wvertical or
horizontal, electric or magnetic. The computational method was developed
as a basis for the microstrip antenna analysis. However, its application
was later found to be quite broad, including geophysical problems and
integrated circuits. ‘

The method of analysis for the microstrip antenna developed in this
research 1s based on the representation of fields in terms of an equivalent
horizontal magnetic current along the periphery of the microstrip patch.
This method is particularly attractive for patches of arbitrary shapes. An
integral equation in terms of equivalent peripheral magnetic current was
derived and solved by the method of moments. Although the numerical data
do not show the expected convergence behavior, the basic formulation and
computer algorithm represent a highly promising approach which should
provide a powerful tool for the analysis of noncanonical microstrip
antennas when fully developed.

Analysis of microstrip diode switched arrays is a difficult prob’ =
for which little research has been performed. In this research, a moment
wethod  computer  program was developed for a simple diode-switchiod
monolithic slot (or strip) array. This program has been tested apaiuit

data for a screen structure which have been presented in the literature,
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These three major accomplishments represent progress in geophysical
science stratified media problems and integrated circuits as well as the
intended microstrip antenna and array analyses. All of the analyses
involve new and useful numerical techniques which need further improvement

for ful! fruition.
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SECTION 11

APPLICATION OF HERTZIAN DIPOLE ANALYSIS TO
MICROSTRIP ANTENNAS

A. Introduction
A general microstrip artenna is depicted ir Figure 1. The feeds,
shown in dotted lines, can be either a probe ferd or an end feed. In

general, the end feed is preferred because it is s'.mple to construct. Both
the geometry of the microstrip patch and the locat.on and typ-, of feed are
parameters determining the characteristics of <he microstrip anteona.
Current microstrip antenna technology, which has becn extensively revicwed
in an IEEE Transactions on Antennas and Propagation Special Tssu: [ 1] and
two reference books | 2,3], does not have analytical methods suitable for
patches with noncanonical shapes.

The study of microstrip antenna (excluding arrays) technology has
progressed from rectangular patches [ 4,5) to circular | 6], -'liptical
[7,8], and triangular [5 ] patches, etc. With a new geometrv, _uere Is
usually a new set of performance characteristics that represent an
lmprovement over existing designs and may evan find diftferent ew
applications. ilowever, as summarized by Carver and Mink [ 9], the
microstrip anteana has tvpical bandwidths from one to six percent, Larger
bandwidths, which may be achieved by increased substrate thickness or patch
size, atve often impractical. Keraweis and Mcllverma [10,11] discovered
that microstrip antennas could operate at dual frequencies if radial
conducting strips were added to the patch.

The method of analysis for microstrip antennas 1s typically a
technique highly dependent on the geometry of the patch. In fact, it deals
a3 a rule microstrip patches with canonical shapes conforming to the
several oxistiap coordinate systems, Sone efforts were made with limited

success to apply the wire-grid mathod {12 and the finite-element tech. gue

[13] for patet s o generalized shapes.

In th prosent aaalysis, we bepin with the analysis of the fields .
to an arbitirary Hertzian dipole in an arbitrary stratified medium. This
approiach is in ewsence similar to the Green's functions formulation such as

that of Cavaleaste, -t al t14).  The numerical analysis techniques involved

in this approach .. been reported in the Taterim Report [ 15 | andare being
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formally published [16].

Two methods were studied in this research to analyze microstrip
antennas, using the Hertzian dipole radiation as a building block. One is
to replace the conducting microstrip patch by a sheet of equivalent surface
current. The other is to formulate the problem in terms of the peripheral

electrical fields of the patch. These are discussed as follows.

B. Method of Replacing the Microstrip Patch by an Equivalent Current

Sheet

The conducting microstrip patch can be replaced by a sheet of current
density Jg, as shown in Figure 9. This 1is accomplished by using the
surface equivalence theorem on the patch surfaces and then allowing the
thickness of the patch to approach zero. The verrical J symbolizes a probe
feed. For an end-fed patch the excitation current should be ho-izontally
directed.

The surface patch technique [17 )] can be employed to solve this

boundary value problem. An electric field integral equation based on the

boundary condition

nx (El + ES) = 0 on the microstrip patch (1)

can be written. In Equation (1), Ei is the field due to the excitation
probe, n is a unit normal to the patch, and ES is the electric field due to
the equivalent surface current Jg.

It is necessary to point out that the field at the source point
contains a singular integrand, as can be seen in the field equations in
Reference 15 used to compute the tangential field. It appears that the
singularity is of the 1/, type. No attempt was made to deal with this
problem directly. 1Instead, the testing is performed slightly away from the
source point which is the technique used by Richmond [18] and Harrington
[19] in wire antoenna analyses.

Another difficulty is due to the fact that the source and field poiuts
have the same 2z coordinates. This can be dealt with by choosing a small

yot numerically acceptable difflerence between the z coordinates of the

source and the field,
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This type of point-matching method was applied to microstrip problems
by Farrar and Adams [ 20 ) to calculate the capacitances of a patch and the
gap between two patches. Their work was for a much simpler static model
with little direct relevance to the antenna problem, which requires a full
solution of the time-harmonic fields. However, examination of their work
in comparison with the present approach indicated that development of an
algorithm in the present approach would be impractical and difficult. In
addition, their work, as well as others' | 21-23}, led to an awareness that
the peripheral magnetic current plays a predominant role in the physics
involved in microstrip structures. While earlier work addresses only
circuit (interior) problems, the method of Okoshi |21] has direct
implication to antenna problems. The equivalent electric cur.ent sheet

method was thus abandoned in its early stage of development,

C. Solution in Terms of Peripheral Magnetic Current

The majority of analyses on microstrip structures take advantage of
the fact that the substrates are electrically thin. As a result, the
fields in the region between the patch and the ground plane contain
primarily vertical E (perpendicular to the ground plane) and horizontal H
fields. As shown in Figure 3, the fields in this region are also quite
independent of the z coordinate. At the edge of the microstrip, current on
the patch normal to the edge must vanish as required by the continuity of
current. As a result, the tangential component of H field along the edge
is negligible, Thus, the peripheral slot can be represented by an
equivalent magnetic current n x Eg, as shown in Figure 3, where a is a unit
vector normal to the peripheral surfaces (n is always perpendicular to z),

and Eg is the total electric field on s given by

Es

N

S (2)

In this approach, Ec,or the equivalent magnetic current n x Eg, is the
crux of the problem. This model has been extensively reported in the
literature in conjunction with other numerical techniques for microstrip
circuit problems. For microstrip antennas, however, it was primarily used

in the approximate computation of the far-zone fields. 1Tt is, therefore, a

~d

e . P JE S SV ST P e
-« - . e e, e « P

. NS
FR O S T R A N P PRI, SRR IO
R T N e R R A IR . ~ . FL IO
RO CREPC VR PG VS PR VS S




R
-«

®
-
d

®
4

Figure 3 Peripheral electric field Eg perpendicular to
patch surface.

.
»
T e T St Tt Tt e St ATt el Tt e e e N . . ..
A R L A A A A A T o ST T S e P T St - - -
WP NP O A I I S S A N S T W Sl Wl Sl S R, R RS b T . U . L LR L. T L . et




Ty

natural step to expand this technique, which has been very successful in
dealing with microstrip circuits, to microstrip antennas.

The approach of Okoshi and Miyoshi [2]] appeared to be particularly
suitable to antenna problems bucause it deals directly with the exterior
problem with an integral equation. Consequently, Gupta visualized the
advantage of this approach and applied it to microstrip antennas | 24-27].

An additional advantage of the peripheral magnetic current method is
its adaptability to the microstrip antennas with radial conducting strips
for dual frequency operation invented by Mcllvenna and Kernweis [10,11 1.
Effects of the radial conducting strips can be treated as a circuit problem
in which the impedance of the strip is computed with closed-form analytical
formulas.

A new approach was taken in this research. The exterior field of 2
microstrip antenna is represented by a magnetic current over ‘he peripheral
opening and a conducting surface enclosing the antenna region as shown in
Figure 4, [2,13 1. This model follows directly from the equivalence
principle and the uniqueness principle [.:5, p. 108].

As shown in Figure 5, we can now expand Mg into a peripheral

distribution along s, the periphery, as
N
Mg = E MsnP(Sp), (3
n=1
where P(5,) is a pulse function such that,

P(S,)

1]
—

1f S,7S>S41 (4)

=0 elsewhere .

Mgnis a horizontal magnetic current element that produces fields as if
the microstrip antenna region did not exist. That is, Mg, produces ficlds
in the substrate over the ground plane -- a problem treated extensively in
the preceding section,

The presence of the microstrip antenna region, represented by a
conducting pill box, in Figure 4 requires that the amplitude and phase of
all the Mgh's be adjusted so that the tangential E fields vanish on the top

and the side (periphery) of the pill box. Note that fields due to each M.,
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satisfy, by definition, Maxwell's equations and the boundary conditions
outside (but not on) the pill box.

Note that in this case it is not necessary to enforce the boundary
condition for tangential H even though in general a boundary condition for
tangential H is also required. This is due to the fact that in the present
formulation, tangential H on the dielectric interface due to each Mgy, is by
definition already continuous at the interface. Thus an integral equation

of the form
Ll“ﬂs"!i]:o (5)

on the microstrip patch can be written. M; is the end-fed excitation
magnetic current of the microstrip antenna.

Physically, this formulation is similar to those of Okoshi and Gupta
and their colleagues [21,24-27]. The integral equation 1is expressed in
terms of the peripheral magnetic current and excitation current alone.
This is a definite advantage in treating arbitrarily shaped patches and in
particular, the antenna with radial conducting strips.

The present method can also be viewed as a modal or eigenfunction
solution. All the possible modes of fields for the exterior and interior
regions are those due to horizontal magnetic current elements at the
periphery. The combined effect of the microstrip patch is that tangential
. field vanishes on this microstrip patch of infinitesimal thickness. This
approach is similar to the modal expansion techniques used extensively in
waveguide discontinuities and array antennas.

A computer program based on Equations (4) and (5) was written to solve
the microstrip antenna problem by the method of moments [ 19]. However, a
lack of anticipated numerical convergence was observed. During the
exhaustive debugging stage, it became clear that new concepts and
techniques were involved in this computer program which needed more
debupning and investigation. This promising method in dealing with
noncanonical  microstrip antennas merits further extensive numerical

exploration to bring it to fruition.
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SECTION II1
ANALYSIS OF A MICROSTRIP ARRAY

A. Introduction
The analysis of a microstrip array is a difficult problem. As a
result, very little has been reported in this area even though other

arrays such as waveguide and dipole arrays have been extensively studied.
Thorough reviews on microstrip arrays can be found in references 2 and 29.
The difficulties in microstrip array analyses are primarily in the handling
of the interaction in the feed region. Recently, Liu, et al [3¢] reported

an analytical method which deals with the feed by approximating the ) J

vertical probe feeds with a continuous and uniform current sheet.

Interestingly, they also broke up the analysis into two simpler ones by

P ST

employing the equivalence principle -- a technique similar in many aspects -
to the peripheral magnetic current method described in the preceding
section. Since future development of phased arrays will probably emphasize
monolithic and multilayer structures [29]aemphasis in this research was on
the PIN diode switched structure shown in Figures 6 and 7. The tinv gaps, -
each about 10 mils wide, are connected with PIN diodes which are switched
on and off at a low rate. The long thin slots in Figure 6 insulate the
diode bias curreats which flow through the conducting (black) .urfaces,

The slots (in white) are switched on and off with these diodes. .l

bt a it a

Alternatively, conducting strips, instead of slots, can be designed to form
a switching surface, as shown in Figure 7. It is expected that the
techniques developed in treating these types of microstrip arrays will be
useful for other similar microstrip arrays. Thus, a more general type of
element slot configuration as shown in Figure 8 was chosen for the computer 1
program i1nput., he switching of the phase front for the reflected or .

transmitted wave, and thus the direction of the antenna beam, s

accomplished by the individually switched PIN diodes. o

There are two major analytic difficulties involved in the computati.on
of scattering of this configuration; the complex geometry of the aperturce
and  the effect of the diodes. Scattering of screen structures for
rectangular and circular apertures (or plates) were treated by Chen (31,321

and Lee [33.. Analvses  involving loadin and other cometries were
\ 8 g
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conducted by Munk, et al [ 35 ] for thin slots and dipoles. Recent
research in the Jerusalem-cross geometry has also been performed for thin
crosses for which simple curreat distributions can be reasonably postulated
[36-33].

In this rescarch, the effects of loading and slot geometry are
included -- the slot is not assumed to be thin, Tt is difficult to find a
suitable set of basis functions to represent the unknown aperture field to
obtain a numerical solution. Natural waveguide modes for this slot could
be obtained 1n a manner similar to the ridged waveguide <olutions by
Montgomery [38 | However, the analysis would be very complex ind this is
why it has not yet been attempted. Another possible approach, which was
chosen in this research, is to expand the unknown aperture fields in a set
of orthogonal exponential basis functions. These exponential functions are
closely related to the sinusoidal functions representing rectangular
waveguide modes, but they are not as restrictive on the boundaries so that
continuity at X = A/2 - d, is possible. However, difficulties are expected

in this method in establishing criteria for relative convergence [30, 40 ].

B. Formulation of the Approach

We begin by dividing the problem into the TE (transverse electric) and
T (transverse magnetic) cases. The incident wave for each cave can be

represented as

0y

<

i ~ . . l -1 .
E. =0 (_JkoSlne)Ae e"Jko'r TE , (6)
and
Ei =0 (jkesinB) n Ai e~iko'r ™ (7)
L o o m -0 ’
where
no = '/iJO/EO y (HJ)
Koy = ko[ sinB cosd x + sind sind ; + cosb ;] ’ (8b)
ko = w/Foin, (501
T T orr o KX+ y; + zs (8
by o costy coush ; + cosY sind ;; - sinB 2 , and (8e)
b o—sind < ¢ cos ;' . (31)
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It is possible to represent fields in all four regions, 1 through IV
in Figure 8, in terms of vector potential A in each region [33] . For the

incident wave,

Al =2 A' =7 A emik'r , and (40
—-e ez e
i _ ~ i _ A . ""k'
é‘m_ZAmz_ZAT%‘eJ_E' (9b)
‘ -
We can write, for each region, the forward and backward propagating vector
potentials as follows.
» Region 1
T A 4 NS |
’ =),z
, =3 X qu(x,y)e i pq
p q .
_ Al Alf . Alr L al 62 §°
{ zm zm zm m p g
[ AL .
. *Pq ¥ (x,y)el’pq?
+ T2 q
" o | af
P9 L fapq (rm
Region I1
» -2
Arx Azie * AzZe Aziqu
A A d - )—“\1 2
- D> qu(x,y)g M6q
2 2f
A2 A"f . A2r P oq AZf |
zm zm zm mpq
» 2r |
(’pq 3 -
> ‘:,pq(x’y)“ g
Poal,2r
A )
mqu Chh
D
13
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Region I1II

A3 A3f . A3r rABf
ze ze ze epq V (x,yde=d i, 7
= =2 pq "’ Pq
[ A3 A3f N A3r J P g A3f
zm zm zm - mpq
(A32pq o ;
Snq?
+ 22 pq(x,y)e.]lpq
Pa | a¥ (12)
LA pq
Region IV
Aie Aaie * AQZe- AAZ b i
) . Pq (x,y)e'Jquz
E i Pq
AA A&f . AAr J b q Ahf
zm zm zm mpq

(L3)

where the summations over p and q are actually truncated to tp and *Q, and

wpq(x,y) = (AB)~'2 e~j(Upox + Vpqy) | (14
Upo = 21p/A + ko sini) cosy , and (14b)
Vpq = 21q/B + k, sind sing . (T4¢)

A pair of integral equations can be obtained by enforcing boundary
conditions at the three dielectric interfaces. Let the electric field at

the aperture region at z = 0 be

E:'.ap = Eax x + an 5’ ) (15)
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The following two integral equations can be obtained by matching the E

field at the boundary at z = 0,

* . o .0 (1) it (2) r
fE“y Vpg (eoy) dxdy = —Jupc’[ 559 7 pq fe T pq Aepq ]

aper

+ Jqung_[ §° §° 6(1) Ai+(3’(2) Ar; ]
we | P q Pq m Pq Pq (16)

and

. (1) i (2) r
fF';xx \i»:q {x,y) dxdy = -iVpo [60 §° o] A +p A ]

P 9 pq € Pq  <¢Ppq
aper
j - (D i (2) r
» 2lpdlpg [ 82 8% G pqAn* T pq Aup ]
we | q q a7
for p, q =0, ¥, ¥2 . . (¥, ¥ ,
where the integration is over the aperture of a unit cell at z = 0 and $©

and '\g are the Kronecker delta function and the coefficients !!q, etc. are

defined in the appendix. Although the derivation so far has been along the

same  path as that of Lee [33], there are nontrivial differences in the

miathematical expressions derived. Thus, the detailed expressions are

included 1n Appendix B for comparison,

“quations (16) and (17) contain too many unknowns. They can be

+

further reduced by enforcing the boundary condition for H field at z = 0

and eliminating all the unknown A parameters according to the transmission

relationships in the appendix. Thus, we have

- K K E__(x',y") Je(x,y)

XX Xy ax
/ dx'dv' = C.s)

i K K - ' '
vx vy an(x yy') .)m(x,y)

'

the  explicit description of this integral equation is included in the

aopendix,
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C. Moment Method Solution
The pair of integral Equation (i¥) can be solved by the well known
] method of moments. Two major difficulties are involved: the construction
of suitable basis functions and the treatment of the relative convergence
problem. We choose, for the wunknown aperture fields, the following
expansion:
B ‘s
; N E E Amn-emn(x,y) in region C ,
: m=-}M n=~N
*; =0 in region D (rg)
M N
an = E E an<¢mn(x,y) in C ,
m=-M n=-N

=8 =5 eilsx4w) cos {[lx] - (ar2 ~ d)) 1/(28)} in D,
ay g (20)

where C and D are regions of the aperture in the unit cell shown ia Figure

Y . g is the effective gap width and

8 = 8on when the diode is forward-biased , and

= goff when the diode is reverse-biased . (2
F The basis function ! p, constitute an orthonormal set in region C if we choose
1
p 1 .
° "mn (X,y) = [(A - 2dy) (B - 2dp))~% e J(U'pox + Vpgy) | (22)
}
) where
3
;‘ Héo = 2pT/(A=2 d,) + kg sinfy cosd, , and ()
} .
E
i éq =28 - 2 dy) + ky sind, sindg
!
s
‘ The above expansion can also be set up in the following manner to show the
- orthopoaal ity of the basis functions. We write
-
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. X 3/
Eax = }:E: Agn ¥ o ; (2%)

m=-M n=-N

zay=§ _S_ Ban ¥ > (25)

m=- n=-N

where ,

] = Pe and (26)
mn mn

oY =y p, +6PENI g8 p (27)
mn mn m n ay d

P. and Py are pulse functions defined as,

P.o =1 in ¢,
(28)

=0 elsewhere.

The orthogonality among‘b:n and ¢in is readily obvious since Pc*P4 =
0. This is the subsectional expansion discussed in Referencel9Y .

In addition to the integral Equation (18), we need two more equations
to insure the continuity of tangential E fields at x = % (A/2-d;) and

ly|<dg/2. Thus we add the following equations

M N
LZ Bt mn (TlA/2-d4], 0) = Egy(t[A/z—da], 0) (29)

m=-¢ n=-N
The use of exponential functions to represent fields in Region ¢ is

advantageous in the present problem because it allows non-vanishing By at x

23
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= *(A/2-d;) needed for the continuity of fields between regions C and D.
However, the choice of the exponential function is not as efficient as
waveguide modes 1n meeting the edge conditions at other conducting edges
away from the gap.

Solution of Equations (Il8) and (!9 was carried out by using the same
relative convergence criteria established by Lee [ 33] for rectangular
apertures. Thus, P and Q are first chosen based on an initial guess of the
physical nature of the problem and the memory size of the computer. M and

N are then chosen as

A_

N

d. and
a ]
A Pl (30)

B-2d
ne = | Edhg o
where [ a ] denotes the largest integer in a. As was pointed out in

References 39 and 40, this choice of M and N for the particular P and Q
teads to the most accurate results; larger M and N often yield poor
results. .

The effect of the gap is a reduction in the effective d; in Equation
(30, For arrays with small dz, as often encountered in practice, the gap

has little effect on Mc; M. can be chosen according to Equation (30) or

with one additional mode.

D. Numerical Computation

A computer program was written to analyze the type of microstrip arvay
shown 1n Figure 8 with emphasis on the strip type shown in Figure .,
which 1s the special case with dy, = 0. Testing and debugging of the
propram began with cases in which the metal screen was absent, that s,
dycdy, = 0. The problem 15 the well-lnown reflection and transmission
through a dielectric laver. Table 1 shows a comparison between this
computation and the results of Lee (estimated from Figure 2 of Reference
i.). The agreement can be considered extremelyv good since Lee's data were
cutracted from  a figure by estimation. Note that thers 15 a  1&wW

ditference between the phases of TH and TM reflection coetficient.  This is
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TABLE 1

..
2o o b

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION FOR THE
CASE OF d; = dp = dg = 0 (SCREEN ALSO) AND A = 0.2, B = 0,

t;] = tg = 0.1 (ALL IN WAVELENGTHS) €] =¢€y¢2 = 2.5

Ak it

ANGLE o
TE ™
(deg) T
) ¢ Amp. phase Amp. phase .
(deg) (deg) o
o | oo | 0-395 -130 0.398 50 e
(0.395 Y | (=130 )] (o395 )] ( s0 ) ' %
0.54 -137 0.267 42
40° | 0
(0.5 )| (=137 )} (o.267 )] ( 42 )

( y: LEE (estimated)




due to the difference in sign in the incidence wave in Equations (6 )} and
(/). To be a true reflection coefficient, 180° has to be added to the TM
case,

Next we check the case in which dy, = 0 so that the screen becomes an
array of parallel strips. The dielectric layers are chosen to be absent by
letting vp) = £y = 1. The computed results are again compared with those
of Lee in Table IT with excellent agreement. However, we noticed that the
choice of M and N 1is essential to the accuracy of the results, For
example, if we increase the number of M modes by choosing M = Mc+1, (M. =
3), the computed TM reflection coefficient becomes 0.122 at = = 190 and
0.0939 at & = 40°, even though other computed results change very little.
Thus, a 14% change in computed results is highly possible if the choice of
modes 1is only slightly different. This is the well-known phenomenon of
relative convergence. 1In the following, it will be shown that this remains
to be a difficulty in the use of this computer program.

Next, we let :p = 2.5 in the two dielectric layers in the case of
Table II. The resulits are compared again with Lee's in Table II1. Large
discrepancies now appear, especially for the TE case. To examine whether
this is due to a lack of relative convergence, we perform a convergence
test and present the results in Figures 10 and 1!l for the amplitude and
phase of the reflection coefficient. As can be seen, the convergence is
fairly good near M.

Recalling that the excellent agreement in Table II had not been
reached until two printing errors in the input data described in the text
of the paper were detectud, it was conjectured that errors might exist
also in the input data for the case in Table III. The discrepancy was thus
believed to be due to differences in input data, not program bugs. To
further illustrate this point, let us examine the case of a full screen in
which A=B=0.4, 2d; = 2d,=0.2 A, t=tp=0.1, dg=0 (all in wavelengths), and
e = oy T 2.5 The total transmission coefficient <(including the
depolarized wave transmitted) in dB is computed in comparison with Lee's
data in Figure 1. . The incident wave 1s transverse magnetic with its
incidence angles indicated. The agreement is quite good except at near
'258”, where the present calculation has a sharper drop than that of Lee.
An - even more challenging case is shown in Figure 13, in which the

computations of the amplitude and phase of the TM transmission coefficicat
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TABLE I1I

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION
FOR THE CASE OF A = B = 0.2, dy, = dg =0, dg = 0.05,

t] = ty = 0.1 (ALL IN WAVELENGTHS), ‘r] = *p2 = 1
ANGLE
TE ™
(deg)
(<) ) Amp. phase Amp. phase
(deg) (degq)
o | g0 0.978 171 [0.142 82
(0.978 ) | ( 169 )l Cooraz VL (83 )
0.992 173 0.
40° 0o 110 84
(U.‘)‘)() ) ( 173 ) (0,112 ) ( 84 )

( ): LEE (estimated)
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TABLE IIIL

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION
FOR THE CASE OF A = B = 0.2, dp = dg = 0, dg = 0.5,

t] = tp = 0.1 (ALL IN WAVELENGTHS), t | =€ 2 = 2.5

ANGLE
TE ™
(deg)
2] ¢ Amp. phase Amp. phase
(degq) (deg)
o] oo 0.948 145 0.543 41
(0.72) ] € 119 )Y} Co.ss )| € 32 )
0.963 151 0. :
200 o 436 31
(o.73 ) C 127 )] (osg Y| € 22 )

( ): LEE (estimated)
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are compared. The sharp fall and rise of the transmission coefficient near
1=60.69 and $=45° occurs in both computations. Even though the agreement
between 5=639 and 70° is not quite satisfactory, the excellent agreement
exhibited 1in this 1important blind-spot phenomenon suggests that the
discrepancy is probably not due to program bugs.

Although some of the discrepancies have not been completely resolved,
the numerical check is considered satisfactory. Numerical testing for the
case of dg = 0 was handicapped by a lack of existing data to compare with,
Without other data to guide the 1initial analysis, it 1is Jdifficult to
perform conclusive numerical checks. Indirect numerical checks were
conducted, but they were inefficient, costly, and inconclusive 1nd are not

discussed in this report.
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VTOTION TV

ST IONS D AND RECOMMENDATIONS

Technigu-s f.r tt- aealviis of noncanonical microstrip antennas and
arrays were  investigated wita the ultimate poal of antenna performance
improvements. There were three major thrusts in this research, each of

which culminated in the development of a particular computer program. o

The peneral problem of the radiation of an arbitrary Hertzian dipole,

whether horizontal or vertical, electric or magnetic, in general stratified
media was numerically solved. The media can have multilayers of various
b thicknesses with complex dielectric constants, The shortcomings of this
approach are that it is not directly applicable to far fields and its

r; convergence depends on the vertical (z) spacing between the dipole and the

field points.,

YV

The Hertzian dipole algorithm was developed as a basis for the

1 analysis of a general noncanonical microstrip antenna. A method was

|® developed to treat the antenna solely in terms of a horizontal magnetic

current along the periphery of the patch. This moment method has several

advantages, especially in dealing with microstrip antennas with radial

conducting strips. The computer program development encountered _
EE difficulties 1in numerical convergence. . Because several new concepts and

‘ techniques are involved in this approach, further extensive examinations

are neceded.

Microstrip array analyses were focused on a monolithic diode-switched
screen sandwiched in two dielectric layers. A moment method approach with
exponential basis functions was taken. The diode gap region is assumed to
have a single mode sinusoidal field distribution. The computer program was
¢ tested against data in the literature. Although some excellent agreements
{ ] were observed, discrepancies also appeared which need further
investigation.

This research program is an ambitious endeavor as it deals with

difficult electromagnetic and numerical analysis problems. The present

accomplistments are expected to contribute to integrated circuits and
geophysical science, in addition to microstrip antennas and arrays. For
all three major tasks, continued research 1is recommended for full RS

development and validation of these new techniques.
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Relationships among the vector potentials are :
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The integral equations are
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